؉ CD8 ؉ cytotoxic T lymphocytes (CTL), play a primary role in controlling viral infection, including persistent infection with human immunodeficiency virus type 1 (HIV-1). Accordingly, recent HIV-1 vaccine research efforts have focused on establishing the optimal means of eliciting such antiviral CTL immune responses. We evaluated several DNA vaccine formulations, a modified vaccinia virus Ankara vector, and a replication-defective adenovirus serotype 5 (Ad5) vector, each expressing the same codon-optimized HIV-1 gag gene for immunogenicity in rhesus monkeys. The DNA vaccines were formulated with and without one of two chemical adjuvants (aluminum phosphate and CRL1005). The Ad5-gag vector was the most effective in eliciting anti-Gag CTL. The vaccine produced both CD4
AIDS, caused by human immunodeficiency virus type 1 (HIV-1) infection, has become one of the largest infectious disease killers in the world, with over 24 million deaths to date and over 40 million people infected worldwide (http://www .unaids.org/barcelona/presskit/barcelona%20report/Global _estimate.pdf). The development of an effective HIV-1 vaccine has become increasingly important as the only means to arrest this growing epidemic. Recent studies in both humans and nonhuman primates suggest that cytotoxic T lymphocytes (CTL) control virus replication and delay disease progression (1, 3, 5, 15, 22, 23, 25) . Given the relative conservation of the viral internal structural proteins, such as Gag, these antigens potentially represent a set of broadly recognized targets for a vaccine-elicited cellular immune response (4, 12, 17) .
Host T-cell immunity against HIV-1 can, in principle, be induced by immunizing with a vector that can mediate the expression of selected HIV-1 genes in the appropriate antigenpresenting cells. The immunogenic potential in laboratory animals of several DNA and recombinant viral vectors and combinations thereof has been described in numerous reports (2, 3, 6, 8, 10, 13, 20, 21) . Recently, we compared the efficacy of a DNA vector and two viral vectors, modified vaccinia virus Ankara (MVA) and replication-defective adenovirus serotype 5 that expressed a simian immunodeficiency virus (SIV) Gag protein to protect monkeys against simian-human immunodeficiency virus (SHIV) challenge (25) . The adenovirus type 5 vector proved to be the most immunogenic for elicitation of a cellular immune response that effectively mitigated the pathogenic immunodeficiency virus challenge.
In the current report, we expand on this work by examining the immunogenicity in nonhuman primates of a clinically relevant HIV-1 gag gene delivered with a DNA plasmid vector and a recombinant MVA vector as well as an adenovirus type 5 vector. The data from these studies served as a basis for choosing vectors and immunization strategies for human clinical trials.
MATERIALS AND METHODS

Vaccine vectors.
A synthetic gene for Gag from HIV-1 CAM-1 was previously constructed with codons frequently used in humans (14, 16) . The gene was inserted into the V1Jns plasmid (V1Jns-gag) under the control of the human cytomegalovirus-human intron A promoter and bovine growth hormone terminator (8, 26) . V1Jns-gag was formulated at 5 mg/ml in normal phosphate-buffered saline or with selected adjuvants: (i) 7.5 to 45 mg of a nonionic block copolymer (CRL1005; CytRx Corp., Atlanta, Ga.) per ml or (ii) 700 g of aluminum phosphate (alum from HCI Biosector) per ml.
The same synthetic gag gene was used for construction of the adenovirus type 5 vector. The adenovirus type 5 construct is a prototypic first-generation vector containing an E1 deletion replaced with the gag expression cassette. Since the E1 deletion renders it replication defective, the vector was propagated in 293 or PER.C6 (Crucell) cells, which provided E1 in trans. Recombinant virus was generated in the following manner (25) : (i) cloning the expression cassette consisting of the human cytomegalovirus immediate-early promoter region, gag, and bovine growth hormone polyadenylation sequence into an E1 shuttle vector; (ii) homologous bacterial recombination to form the preadenoviral plasmid; and (iii) viral rescue in either 293 or PER.C6 cells. The virus yield was quantified by the Maizel spectroscopic method (18) . Typical Ad5-gag preparations have 1 infectious particle for every 50 to 100 viral particles.
Vectors for generating recombinant MVA viruses (9) were generously provided by B Moss and V. M. Hirsch (National Institutes of Health); the method for generating the viruses has been described elsewhere (27) . Briefly, gag was cloned into the pSC59 shuttle vector, which was designed to insert the transgene fragment into the viral thymidine kinase region and to drive transgene expression with a highly effective synthetic early-late vaccinia virus promoter (9) . The virus was propagated in primary specific-pathogen-free chicken embryo fibroblasts; virus titers were measured by plaque assay on the same cell line.
Immunization. Rhesus macaques used in all studies were between 3 and 10 kg in weight. It should be noted that in any given study, the monkeys were evenly distributed between cohorts on the basis of their body weights. In all cases, the total vaccine dose was suspended in 1 ml of phosphate-buffered saline. The macaques were anesthetized (ketamine-xylazine), and the vaccines were delivered intramuscularly in 0.5-ml aliquots into both deltoid muscles with tuberculin syringes (Becton-Dickinson, Franklin Lakes, N.J.). Sera and peripheral blood mononuclear cells (PBMCs) were prepared from blood samples collected at several time points during the immunization regimen. All animal care and treatment were in accordance with standards approved by the Institutional Animal Care and Use Committee according to the principles set forth in the Guide for Care and Use of Laboratory Animals, Institute of Laboratory Animal Resources, National Research Council.
Elispot and CTL assays. The gamma interferon (IFN-␥) Elispot assays for rhesus macaques were conducted following a previously described protocol (7) . For antigen-specific stimulation, a peptide pool was prepared from 20-aminoacid peptides that encompassed the entire HIV-1 Gag sequence with 10-aminoacid overlaps (Synpep Corp., Dublin, Calif.). To each well, 50 l containing 2 ϫ 10 5 to 4 ϫ 10 5 PBMCs was added; the cells were counted with a Beckman Coulter Z2 particle analyzer with a lower size cutoff set at 80 fl. Either 50 l of medium or the Gag peptide pool at 8 g/ml concentration per peptide was added to the PBMCs. Mock wells were laid by adding the same final concentration of peptide solvent (1% dimethyl sulfoxide) to the cells. All samples were incubated at 37°C in 5% CO 2 for 20 to 24 h. Spots were developed accordingly and counted under a dissecting microscope; the counts were normalized to 10 6 cell input. The 51 C -release CTL assay for rhesus macaques was conducted following a protocol described earlier with some modifications (11) . Specifically, effector cells were prepared from a 2-week-long incubation with vaccinee PBMCs infected previously with recombinant vaccinia virus expressing the same synthetic gag gene (vaccinia virus-gag) or in some cases, with Ad5-gag. The harvested effector cells were tested against autologous B lymphoid cell lines (BLCL) sensitized overnight with the Gag peptide pool (at 4 g/ml concentration per peptide).
Anti-p24 ELISA. A modified competitive anti-p24 assay was developed with reagents from the Coulter p24 antigen assay kit (Beckman Coulter, Fullerton, Calif.). Briefly, to 250 l of serum, 20 l of lyse buffer and 15 l of p24 antigen (9.375 pg) from the Coulter kit were added. After mixing, 200 l of each sample was added to wells coated with a mouse anti-p24 monoclonal antibody from the Coulter kit and incubated for 1.5 h at 37°C. The wells were then washed, and 200 l per well of biotin reagent (polyclonal anti-p24-biotin) from the Coulter kit was added. After a 1-h, 37°C incubation, detection was achieved with streptavidin-conjugated horseradish peroxidase and tetramethylbenzidine substrate as described in the Coulter kit. The optical density at 450 nm was recorded. A seven-point standard curve was generated with a serial twofold dilution of serum from an HIV-seropositive individual. The lower cutoff for the assay was arbitrarily set at 10 milli-Merck units (mMU)/ml, defined by a dilution of the seropositive human serum. This cutoff falls at approximately 65% of the maximum bound control defined by an HIV-seronegative human serum pool.
Intracellular cytokine staining. Anti-human CD28 (clone L293; Becton-Dickinson) and anti-human CD49d (clone L25; Becton-Dickinson) monoclonal antibodies were added to a final concentration of 1 g/ml to a tube containing 2 ϫ 10 6 PBMCs in 1 ml of complete RPMI medium. Then 10 l of the Gag 20-mer peptide pool (at 0.4 mg/ml per peptide) or dimethyl sulfoxide was added for antigen-specific or mock stimulation, respectively. The suspensions were incubated at 37°C for 1 h, after which brefeldin A (Sigma) was added to a final concentration of 100 g/ml. The cells were incubated for 16 h at 37°C in 5% CO 2 at 90% humidity. The cells were washed, resuspended in phosphate-buffered saline-2% fetal bovine serum, and stained ( To analyze the data, the low side and forward scatter CD3 ϩ lymphocyte population was initially gated; a common fluorescence cutoff for cytokine-positive events was used for both the CD4 ϩ and CD8 ϩ populations and for both the mock-stimulated and Gag peptide-stimulated reaction tubes of a sample.
Antiadenovirus neutralization. Monkey serum was initially diluted 1:5 and then serially diluted 1:3 in serum-free Dulbecco's modified Eagle's medium (Gibco, San Diego, Calif.); equal volumes of the diluted stocks and a 1-PFU/l stock of the wild-type adenovirus type 5 virus were mixed for 1 h at 37°C. Wells were seeded with HEK-293 cells at 3 ϫ 10 4 cells/100 l a day prior and decanted. Then 200 l of the virus-serum mixes was added to duplicate wells. Following 4 days of incubation at 37°C, 40 l of MTS solution (Promega, Madison, Wis.) was added to the wells, and the optical density at 490 nm was measured. Endpoint titers corresponded to the last dilution well with purple color.
RESULTS
Immune responses to Ad5-gag vaccine. Cohorts of three to six rhesus monkeys were immunized intramuscularly with escalating doses (10 7 , 10 9 , and 10 11 viral particles) of Ad5-gag at weeks 0 and 24. The frequencies of HIV-1 Gag-specific T cells were determined by Elispot assay with a peptide pool that encompassed the entire Gag sequence as described in Materials and Methods (Fig. 1) . The magnitude of vaccine-induced T-cell responses was dependent on the dose of Ad5-gag, with the best responses observed at 10 11 viral particles. These responses peaked at 4 weeks following the first immunization and declined gradually until the second immunization was given at week 24. Anamnestic responses were observed following the boost, with peak levels that were comparable to or exceeded those observed at week 4 ( Fig. 1 and 3A) .
To address the effects of preimmunity to adenovirus on immunization with the Ad5-gag vector, two additional groups of monkeys were given one or three injections of 10 10 viral particles of an adenovirus type 5 virus that did not encode the vaccine antigen prior to administration of 10 11 viral particles of Ad5-gag. Serum anti-adenovirus type 5 neutralization titers resulting from the preexposure ranged from 30 to 90 and from 270 to 810 for the single and multiple exposures of the irrele-vant adenovirus type 5 vector, respectively. These levels appear typical of the range of antiadenovirus neutralizing antibody titers observed in adult, North American humans (our unpublished results). The presence of existing vector-specific immunity in the animals resulted in a partial reduction but not total ablation of the Gag-specific cellular immune response following immunization with two doses of Ad5-gag. These responses were comparable to those observed with the 10 9 virus particle dose of Ad5-gag in animals with no existing immunity to the vector (Fig. 1) .
The T-cell responses observed against the Gag antigen in the experimental animals exhibited functional, cytotoxic activities in CTL assays. All vaccinees, including those with established adenovirus type 5-specific immunity prior to Ad5-gag immunization, exhibited moderate to strong cytotoxicity against autologous Gag peptide-pulsed BLCL after a single immunization (Fig. 2 ). Each animal was tested for CTL responses on a monthly basis for approximately a year following the first immunization. Cytotoxic responses were notably maintained in each animal throughout this period (data not shown).
The stability of both T-cell and B-cell immune responses was observed throughout an extended period of time. Figure 3 shows longitudinal profiles of anti-Gag Elispot and anti-p24 Gag antibody responses. The levels of antigen-specific T cells remained significant for as long as a year following the booster. Ad5-gag also elicited substantial levels of circulating p24-specific antibodies (Fig. 3B) . Based on the elicited humoral immunity against Gag, the animals that had preestablished adenovirus type 5 neutralization titers of 30 to 90 appeared to respond to the 10 11 viral particle dose, similar to adenovirusnaïve monkeys that received 10 9 viral particles of Ad5-gag. Anti-Gag antibody titers induced by 10 11 viral particles of Ad5-gag in animals with preimmunization neutralization titers of 270 to 810 were comparable to those induced by a 10 7 viral particle dose in naïve animals.
The levels of Gag-specific CD4 ϩ and CD8 ϩ T cells can be determined by intracellular cytokine staining (ICS). Figure 4 shows the staining of PBMCs from a different yet representative set of rhesus macaques immunized with 10 11 viral particle doses of Ad5-gag at weeks 0, 4, and 24. In the absence of Gag antigen stimulation, very little IFN-␥ production was observed (Ͻ0.03% of CD3 ϩ T cells). Upon overnight stimulation with the Gag peptide pool, cytokine production was detected from both CD8 ϩ and CD4 ϩ T cells. Substantially more Gag-specific CD8 ϩ T cells than CD4 ϩ T cells were observed in each animal. These data also support the observation of pronounced cytotoxic activities of T cells derived from Ad5-gag vaccinees.
Comparison of Ad5-gag and MVA-gag. We compared the immunogenicity of the adenovirus type 5 vector to that of a recombinant MVA expressing the identical HIV-1 gag gene. MVA is considered a standard for the elicitation of cellular immune responses (2, 24, 25) . Cohorts of three naïve monkeys were immunized with three doses of recombinant MVA ex- pressing gag (at either 10 7 or 10 9 PFU) or Ad5-gag (at 10 11 or 10 9 viral particles). The MVA vector had previously been confirmed for in vitro Gag expression in chicken embryo fibroblast cells and for Gag-specific immunogenicity in BALB/c mice (data not shown). Immunization of macaques with MVA-gag resulted in relatively weak antigen-specific T-cell responses; the levels did not exceed 150 spot-forming cells (SFC)/10 6 PBMCs after three doses (Fig. 5 ) and were significantly less than those observed in the Ad5-gag vaccinees.
It should be noted that two of three macaques that received MVA-gag at the higher dose (10 9 PFU) showed increased spot counts in their mock reaction mixes (109 to 238 SFC/10 6 PBMCs) as early as 4 weeks after the first dose (data not shown). In contrast to adenovirus type 5-treated monkeys, effector cells from the MVA-gag vaccinees generated by PBMCs restimulation with either vaccinia virus-gag or Ad5-gag did not exhibit any detectable bulk killing of Gag peptide pool-pulsed autologous BLCL at any time point (data not shown). Only one of six MVA-gag vaccinees elicited any detectable Gagspecific antibody response (140 mMU/ml at 4 weeks post-dose 3 for monkey V215).
Immune responses following DNA-adjuvant priming and viral boosting. A potential limitation in the use of common adenovirus serotype vectors in human subjects may be the negative effect of existing neutralizing immunity against the viral vehicle, as observed in the preexposed monkeys (Fig. 1) . Hence, we explored the possibility of priming the immune responses with HIV-1 gag delivered by an immunologically inert vehicle such as DNA. The primates were then given a booster immunization with a low dose of Ad5-gag (10 7 viral particles) selected to mimic the effect of existing adenovirus type 5-neutralizing immunity on a 10 11 viral particle dose of Ad5-gag ( Fig. 1 and 3B) .
Cohorts of three to six macaques were given priming immunizations of 5.0 mg of gag-expressing DNA plasmid either in saline or formulated with adjuvants at weeks 0, 4, and 8. The DNA vector in saline was found to be immunogenic in macaques, with maximal postpriming responses averaging 111 Ϯ 32 SFC/10 6 PBMCs (Fig. 6) . DNA-CRL1005 vaccine. The peak responses in these animals reached levels of between 1,000 and 1,500 SFC/10 6 PBMCs. These response levels were comparable to those observed with multiple high doses (10 11 viral particles) of Ad5-gag in previously unexposed animals (Fig. 1) .
All six animals given nonadjuvanted DNA had maximum responses of Ϸ600 SFC/10 6 PBMCs following the booster immunization. Gag-specific antibody levels in all animals increased by 100-fold following boosting with Ad5-gag; the postboost levels in DNA-CRL1005-and DNA-alum-primed animals were also five-to eightfold elevated compared to those of DNA-primed animals (data not shown). The noted increases in immune responses with the DNA-adenovirus type 5 combination vaccine strongly suggest synergy between DNA and adenovirus type 5 modalities, given that this low adenovirus type 5 dose is capable of eliciting only weak responses when used alone in naïve monkeys ( Fig. 1 and 3B ). To determine the maximum potency of the DNA prime-adenovirus type 5 boost regimen, animals primed with the DNA-CRL1005-based vaccine were boosted with 10 11 viral particles of Ad5-gag. The responses exceeded 2,500 SFC/10 6 PBMCs in two of three animals.
The phenotypes of the vaccine-induced anti-Gag T lymphocytes after the priming or booster immunization can be monitored by ICS methods. Figure 7 shows the results of such analyses for a representative cohort of macaques immunized with DNA-CRL1005 followed by the low-dose Ad5-gag booster. Analyses of PBMCs collected before the booster dose revealed that the ratios of antigen-specific CD4 ϩ /CD8 ϩ T cells can vary, ranging from CD4 ϩ -to CD8 ϩ -biased population. However, after boosting with Ad5-gag, a pronounced CD8 ϩ -biased response was observed in all animals. Hence, DNA-CRL1005-adenovirus type 5 prime-boost immunization appeared to result in cellular immune responses that were comparable to those induced by multiple high doses of Ad5-gag alone on the basis of levels and CD4 ϩ /CD8 ϩ distribution of antigen-specific T cells.
In order to corroborate the trends in the relative CD4 ϩ / CD8 ϩ contributions to the T-cell responses observed from the limited cohort sizes described above, we collected data from several other immunization studies and summarize these results in Fig. 8 along with those described above. Homologous immunization with Ad5-gag at 10 9 and 10 11 viral particle doses (administered at weeks 0, 4, and 24) elicited antigen-specific T-lymphocyte populations with CD8 ϩ T-cell compositions ranging from 73% to 99% (mean Ϯ standard error, 90% Ϯ 2%); the CD8 ϩ composition was not influenced by the dose used. In contrast, priming immunizations with DNA-CRL1005 produced a highly variable (2% to 84%) but generally balanced CD8 ϩ /CD4 ϩ distribution (mean Ϯ standard error, 51% Ϯ 7.25%). The administration of an Ad5-gag boost to the same animals resulted in Gag-specific T-cell populations that were 35% to 97% CD8 ϩ (mean Ϯ standard error, 85% Ϯ 4%).
DISCUSSION
There is increasing interest in the use of viral and nonviral systems as vectors to elicit anti-HIV-1 immune responses. The human clinical testing of these vectors can be guided by results of comparative studies in appropriate nonhuman primate immunogenicity and challenge model systems. Recently, we reported on the ability of SIV Gag delivered by DNA, MVA, or adenovirus type 5 vectors to inhibit viral replication and disease progression in rhesus macaques following challenge with SHIV89.6P (25) . The best degree of viremia control and CD4 cell count preservation was observed in animals that had been immunized with the adenovirus type 5 vector either by itself or in a prime-boost combination with DNA. In contrast, only 50% of the animals that received MVA alone or in combination with DNA were able to effectively control viremia.
In this report, we evaluated the cellular immune responses to HIV-1 Gag induced by similar DNA, MVA, and adenovirus vectors. The studies were conducted with macaques that were unselected on the basis of HLA haplotype. Our results showed that adenovirus type 5-mediated gene transfer provided an extremely potent means of inducing anti-HIV-1 T-cell re- sponses, specifically CTL. Both antigen-specific CD4 ϩ and CD8 ϩ T cells were observed in the adenovirus type 5 vaccinees; the majority of responding cells were of the CD8 ϩ phenotype, consistent with strong CTL activities. The induced CTL responses were long-lived in macaques, suggesting that substantial quantities of antigen-specific CD4 ϩ T cells may not be necessary to generate stable responses (19, 29) . The DNA vectors were notably less immunogenic, although immunogenicity was enhanced by formulation with adjuvants. We found that immunization with the MVA vector as a single modality elicited minimal cellular immune responses. These results may appear unexpected given that MVA express- ing SIV Gag has been reported to generate pronounced levels of CD8 ϩ T cells directed against the immunodominant CM9 Gag epitope in monkeys expressing the MamuA*01 ϩ HLA haplotype (2, 24, 25) . Consistent with our observations, Franchini and coworkers observed Gag-specific CTL killing in only 1 of 18 (6%) mamuA*01 Ϫ macaques immunized with multiple doses of another poxvirus (ALVAC) expressing SIV gag-polenv (20) . Our results likely reflect the outbred nature of the animals used in our study in which the potency of the immune response is not enhanced by being focused on a single immunogenic determinant.
The immunogenicity of a vaccine based on a common adenovirus serotype can be negatively influenced by preexisting immunity directed at the viral vector itself. In order to quantitatively address the effect of adenovirus type 5-specific immunity on HIV-1 Gag immunogenicity, anti-adenovirus type 5 serum antibody titers representative of the levels observed in humans were established in monkeys prior to immunization with the adenovirus type 5 vector. The presence of such high neutralizing activities only reduced, but did not abolish antiGag T-cell responses. Moreover, priming the immune system for anti-Gag responses with multiple doses of the DNA-CRL1005-based vaccine followed by low-dose adenovirus type 5 boosting resulted in levels of circulating Gag-specific T cells and CD4 ϩ /CD8 ϩ distribution profiles that closely resembled those obtained when with high doses of the adenovirus type 5 vaccine in adenovirus type 5-seronegative animals. Similar effects have been very recently reported with vectors expressing the Ebola virus glycoprotein antigen (28) . These data strongly suggest that the synergy observed between these two vaccines presents a viable strategy for circumventing the negative effects of high adenovirus type 5 immunity in humans.
In summary, these studies suggest the potential utility of adenovirus-vectored vaccines for producing cellular immunity in humans. Clinical trials have been designed based on the observations reported here. These trials will assess the tolerability and immunogenic potential in humans of adenovirus type 5 vectors expressing the HIV-1 Gag protein, either alone or in prime-boost regimens with adjuvanted DNA vectors. ϩ lymphocytes following incubation with the HIV-1 Gag peptide pool that were characterized for CD8
ϩ staining and IFN-␥ production. For all samples, intracellular IFN-␥ production in the absence of the peptide pool was minimal (data not shown). Numbers reflect the percentage of CD3 ϩ lymphocytes that were CD8 ϩ IFN-␥ ϩ (upper right quadrant) or CD4 ϩ IFN-␥ ϩ (lower right quadrant) after subtraction of the mock levels.
FIG. 8. Percentages of Gag-specific T cells that are CD3
ϩ CD8 ϩ in rhesus macaques immunized with various regimens. The adenovirus type 5 prime-adenovirus type 5 boost (Ad5-Ad5) cohort consisted of animals given two priming doses of the vector (10 9 or 10 11 viral particles) followed by a booster shot of the same dose. The DNA-CRL1005 prime-adenovirus type 5 boost cohort comprised animals given three priming immunizations with 5 mg of V1Jns-gag formulated with CRL1005-based adjuvant, followed by 10 7 viral particles of Ad5-gag. The percentage values are reported for this cohort of 11 animals before (DNA-CRL1005) and after the boost (DNA-CRL1005-Ad5). The dark diamonds and bars are the cohort arithmetic means and standard errors of the mean, respectively. These data points include those for the animals in Fig. 4 and 7 .
